Introduction {#sec1}
============

Renal hypoxia is associated with a high likelihood of developing renal disease; in fact, it is considered a unifying mechanism in the development of renal disease ([@B1]--[@B4]). Renal hypoxia has a plethora of origins, and one such origin is mitochondrial uncoupling, which has been shown to lead to end-stage renal disease, even in the absence of additional co-mediators of renal disease such as hyperglycemia ([@B2], [@B5]).

Although mitochondrial uncoupling is considered a protective mechanism, as an antioxidant system, and has been shown to improve diabetic symptoms in mice, its co-occurrence with increased oxygen consumption leads to renal hypoxia ([@B6]--[@B8]).

Renal hypoxia, originating from treatment with the weight loss/slimming aid 2,4-Dinitrophenylhydrazine (2,4-DNP), known for its adverse significant effects ([@B9]), has been shown to mimic many of the early signs of diabetic renal disease ([@B5]). To date, no current treatments exist that reverse the renal metabolic and functional deterioration seen in many patients with diabetes ([@B10]).

Thus, new therapeutics regimes targeting renal hypoxia or the associated metabolic maladaptations are of great interest. One such therapy/treatment is the pyruvate dehydrogenase kinase (PDK) inhibitor, dichloroacetate (DCA), an activator of pyruvate dehydrogenase (PDH) ([@B11]). PDH is a key enzyme that modulates glucose oxidation and mitochondrial NADH (nicotinamide adenine dinucleotide) production, which could alter the accelerated aerobic glycolytic phenotype during hypoxia by decreasing lactate accumulation. The stimulation of the mitochondrial function (increased oxidation of alanine and lactate) has been shown to improve tricarboxylic acid cycle flux as well as reduce the glucose levels in diabetes ([@B12]). Similar to DCA, activation of PKM2 (pyruvate kinase muscle isozyme M2), increases the pyruvate production and, in turn, increases the tricarboxylic acid cycle flux, and has shown similar protective mechanism during hyperglycemia ([@B13]).

Recently hyperpolarized \[1-^13^C\]pyruvate magnetic resonance imaging (MRI) has been shown as a method for early identification of metabolic alterations following DCA treatment ([@B11]). Interestingly, DCA treatment supported the treatments mentioned in previous reports of diabetes, that is, the balance of myocardial substrate selection is restored, diastolic dysfunction is reversed, and even the blood glucose level in a type-2 rat model of diabetic cardiomyopathy is normalized ([@B11]).

In the liver and kidney, on the other hand, DCA has been reported to blunt gluconeogenesis, by reducing the lactate-to-pyruvate ratio with increasing DCA concentrations ([@B14]). This is opposite to the recent reports in which hyperpolarized MRI has been used, showing increased lactate production in the liver and kidney associated with the inhibition of gluconeogenesis by means of metformin ([@B15]--[@B17]). Interestingly, a similar increased lactate production has been associated with diabetes, originating from both a pseudohypoxic state (increased lactate production even under normoxic conditions) ([@B18]--[@B21]), largely determined by mitochondrial uncoupling ([@B22]), and increased gluconeogenesis ([@B23]). Thus we question if \[1-^13^C\]pyruvate can differentiate a hyperglycemia-independent mitochondrial uncoupling phenotype (dinitrophenol-induced hypoxia) ([@B5]) from a gluconeogenesis inhibition phenotype (DCA treatment), and second, if a preconditioning effect of acute hypoxia is imposed by 2,4-DNP. This is particularly important, as many patients rely on several medications, and thus, the cumulative effects of these are a major concern when changing treatment regimens or designing clinical studies ([@B24], [@B25]). Increasingly, data suggest that combined effects of drugs can improve efficacy and simultaneously reduce the doses of individual compounds used and thus reduce the side effects ([@B26]--[@B28]). This originates from the fact that the individual effects of a single pharmacological drug and the cumulative effects of the combinations with other drugs or treatments might considerably alter the pharmacological response.

Central to tailored therapeutic treatment is the ability to monitor the effects of treatment, preferably with a noninvasive and sensitive method ([@B29], [@B30]). To date, no single method has ideally suited for the investigation of these combinations in vivo. This calls for new methods, allowing detailed metabolic examination of the various drug combinations on an organ level.

Materials and Methods {#sec2}
=====================

In Vivo Examination {#sec2-1}
-------------------

Ten 8-week-old female Wistar rats, weighing ∼220 g, were included in this study. They were randomly divided into 2 treatment groups, with 5 rats in each. Two rats were excluded owing to technical difficulties during the examination. The rats were kept in standard cages under the following conditions: 12:12 h light:dark cycle, 21°C ± 2°C temperature; and 55% ± 5% humidity. All rats had free access to water and standard rat chow throughout the study. The rats were anesthetized with 2.5% sevoflurane in 2 L/min of air. A tail vein catheter (0.4 mm) was inserted to inject hyperpolarized \[1-^13^C\] pyruvate, polarized in a 5 T SPINLab (GE Healthcare, Broendby, Denmark) as previously described ([@B17]).The magnetic resonance (MR) examinations were performed in a 3.0 T clinical MR system (GE Healthcare) equipped with a dual tuned ^13^C/^1^H volume rat coil (GE Healthcare) as described in the Nielsen et al. study ([@B31]). A section-selective ^13^C IDEAL (iterative decomposition of water and fat with echo asymmetry and least-squares estimation) spiral sequence was used for the hyperpolarized \[1-^13^C\]pyruvate imaging ([@B21], [@B32]). In short, a dynamic image series covering both kidneys in an 15-mm axial section every 5 seconds was acquired with the sequence parameters (flip angle = 10°, IDEAL echoes = 11, initial spectrum per IDEAL encoding = 1, repetition time = 100 milliseconds, echo time = 0.9 milliseconds, ΔTE = 0.9 milliseconds, field of view = 80 × 80 mm^2^, and real resolution = 5 × 5 mm) ([@B21]). The body temperature was maintained around 37°C, and respiration and peripheral capillary oxygen saturation levels were monitored throughout the experiment. Acquired ^1^H and ^13^C images were converted to DICOM and analyzed in OsiriX ([@B33]). Following a baseline \[1-^13^C\]pyruvate scan, either DCA (30 mg/mL, with 1 mL in 10 seconds and 0.5 mL over 15 minutes) or 2,4-DNP (15 mg/kg of 7.4 mg/mL solution) was administered intravenously and followed by the other compound in a crossover design ([Figure 1](#F1){ref-type="fig"}). All procedures regarding this experiment were in compliance with the guidelines for use and care of laboratory animals. The study was approved by the Danish Inspectorate of Animal Experiments.

![Time line. Experimental time line of the hyperpolarized examination. Three consecutive \[1-^13^C\]pyruvate examinations were performed to estimate the changes associated with treatment with 2,4-Dinitrophenylhydrazine (2,4-DNP) and dichloroacetate (DCA) and their cumulative combination.](tom0031801240001){#F1}

Rat Proximal Tubuli Cells {#sec2-2}
-------------------------

NRK52E (normal rat kidney: NRK) cells were grown in a humidified atmosphere of 5% CO~2~--95% O~2~ at 37°C in Dulbecco\'s Modified Eagle\'s Medium with low glucose (Sigma-Aldrich, Brondby, Denmark) supplemented with 10% fetal bovine serum, penicillin, and streptomycin. The growth medium was changed every second or third day. When cells reached 80% confluence, they were subcultured until further measurements.

Oxygen Consumption Rate {#sec2-3}
-----------------------

Oxygen consumption was measured at 37°C in a closed MicroRespiration chamber with an O~2~-electrode (Unisense A/S, Aarhus, Denmark). For each experiment, 10 million NRK cells were used. Peptides/Protein levels were measured using a Qubit 3.0 flourometer (Fisher Scientific, Slangerup, Denmark).

NRK cells were harvested by trypsination and resuspended in Dulbecco\'s Modified Eagle\'s Medium buffer before microrespiratory measurements. Cells were transferred to a closed chamber and allowed to stabilize for 5 minutes before the start of measurements. The treatment schedule shown in [Table 1](#T1){ref-type="table"} was fulfilled, and each step had a duration of 5 minutes. DCA was used in a concentration of 10 mM and 2,4-DNP in a concentration of 0.1 mM. The adenosine triphosphate synthase was inhibited in the presence of 5 μM of oligomycin ([@B34]). Maximum respiratory capacity was measured in the presence of the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) (2--3 titration steps of 0.05 μM) ([@B34]). Nonmitochondrial oxygen consumption processes was measured using rotenone (1 μM) and antimycin A (5 μM) to completely shut down the oxidative phosphorylation process ([@B34]).

###### 

Oxygen Consumption Rate

                      Basal Respiration   Treatment 1   Treatment 2   Oligomycin   CCCP   Antimycin-A   Rotenone
  ------------------ ------------------- ------------- ------------- ------------ ------ ------------- ----------
  DCA--DNP treated            X            10 mM DCA    0.1 mM DNP        X         X          X           X
  DNP--DCA treated            X           0.1 mM DNP     10 mM DCA        X         X          X           X

Statistics {#sec2-4}
----------

All data are presented as mean ± SEM. All statistical analyses were performed in GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA). Data were analyzed by either an unpaired Student *t* test or with a 2-way or a 3-way repeated-measures ANOVA. A value of *P* \< .05 (\*) was considered statistically significant.

Results {#sec3}
=======

We examined the individual effects of the mitochondrial uncoupler 2,4-DNP and the PDK inhibitor DCA, as well as the combined effects in a crossover experiment ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The cumulative effects of the 2 drugs were denoted as "DCA + 2,4-DNP" for the rats and cells receiving DCA before 2,4-DNP ([Figure 3](#F3){ref-type="fig"}). Rats and cells receiving 2,4-DNP before DCA were denoted as "2,4-DNP + DCA". Both DCA and 2,4-DNP altered all metabolic pathways (pyruvate-to-lactate, pyruvate-to-alanine, and pyruvate-to-bicarbonate) investigated using hyperpolarized \[1-^13^C\]pyruvate (blue bars in [Figure 3A](#F3){ref-type="fig"}), with a statically significant difference between the overall treatment metabolic patterns (*P* \< .0001). A general upregulation was seen with 2,4-DNP treatment, while DCA lowered the metabolic conversion compared with baseline measurements ([Figure 3A](#F3){ref-type="fig"}). Furthermore, the cumulative treatment order (interaction term, time × treatment) was likewise found to be statistically significantly different between the 2 groups (*P* = .0008). The overall interaction term (metabolites × time × treatment), was not found to be significantly different between the 2 groups (*P* = .6). To determine if the observed changes with hyperpolarized \[1-^13^C\]pyruvate reflect those in local oxygen availability, cell experiments we conducted to investigate the effects on oxygen consumption in proximal tubular cells. A similar overall treatment effect (*P* = .01) and cumulative interaction effects (*P* = .01) were observed, showing a significantly increased oxygen consumption of 90% following administration of 2,4-DNP (mitochondrial uncoupling), which was sustained following DCA treatment (increased PDH flux). DCA had little impact on the basal oxygen consumption; however, the addition of 2,4-DNP increased the oxygen consumption to 80%. No differences were seen in proton leakage or adenosine triphosphate production, while a numerical reduction of 50% was seen in the cumulative maximum respiration in the DCA + 2,4-DNP group, albeit a statistically different variation was seen in this group (*P* = .01) ([Figure 4](#F4){ref-type="fig"}).

![Representative images of the ^13^C lactate-to-pyruvate signal changes. The lactate/pyruvate changes associated with the treatment with either 2,4-DNP and then afterwards DCA (top row) or DCA and then 2,4-DNP (bottom row). The color bar represents the change from baseline.](tom0031801240002){#F2}

![The comparison of metabolic pathways and oxygen consumption alterations associated with cumulative treatment with 2,4-DNP and DCA. The hyperpolarized metabolic profile and the treatment pattern of lactate, alanine, and bicarbonate normalized to pyruvate was both significantly different (*P* \< .0001) (A). No difference was found with respect to time alone (*P* = .13), the interaction terms (metabolite × treatment) (*P* = .56), (metabolite × time) (*P* = .9), and (metabolite × treatment × time) (*P* = .6). However the effect of treatment with time (treatment × time) was found to be significantly different (*P* = .0008). A significant effect was observed in the basal respiration over time (*P* = .01), but not cumulative between the 2 treatment patterns (*P* = .13) (B). A significant interaction term (time x treatment) was seen (*P* = .01). The data are represented as mean ± SD.](tom0031801240003){#F3}

![Individual parameters for proton leak, maximal respiration, and adenosine triphosphate (ATP) production. Proton leak is the difference in oxygen consumption rate (OCR) after oligomycin injection and antimycin A/rotenone. Maximal respiration is the OCR after carbonyl cyanide m-chlorophenylhydrazone (CCCP) injection and antimycin A/rotenone. ATP production is the difference in OCR before and after oligomycin. The data are represented as mean ± SEM.](tom0031801240004){#F4}

Discussion {#sec4}
==========

The main finding of this study is the radically different cumulative effect of combining a PDK inhibitor and a mitochondrial uncoupler, depending only on the timing of the 2 drugs and, second, the ability for hyperpolarized \[1-^13^C\]pyruvate to monitor this acute cumulative effect in vivo.

The importance of this is derived from the fact that many patients benefit from \>1 medication and/or treatments, and as a result, detailed knowledge of the immediate interplay between ≥2 medications or treatments, can help improve the treatment outcome. This can be achieved by reducing the needed medications or by improving the efficacy by selecting the optimum treatment pattern and timing. This study is, to best of the authors\' knowledge, the first demonstration of the ability to monitor the cumulative effects of drugs in vivo using hyperpolarized MR.

The metabolic effects seen in vivo with hyperpolarized \[1-^13^C\]pyruvate are corroborated by the striking similarities between the bicarbonate production (surrogate for oxidative phosphorylation) in rats and the oxygen consumption rate in proximal tubuli cells.

Although numerical difference was observed in the endpoint lactate and alanine production, it did not reach statistical significance. The importance of these potential metabolic differences is currently unknown, as we did not follow the long-term effects nor do we know if these patterns are essential for the renal outcome of the cumulative treatment of the 2 drugs. Furthermore, the dosing of both DCA and 2,4-DNP could potentially impose different effects depending of the doses used, and as such, the findings and interpretations in this study are limited to the specific dose regimes used here. However the ability to monitor these potential intermediary effects of additive treatment patterns directly in the organs in vivo hold great promise to improve the treatment efficacy in clinical settings. This is particularly true, as many patients are undergoing several treatments and thus potential improvement in efficacy, solely relying on the order and time window of the administration can be tested with hyperpolarized \[1-^13^C\]pyruvate MRI. The individual effects of either DCA alone or 2,4-DNP alone were significantly different, showing a markedly increase in metabolic conversion following 2,4-DNP, while DCA decreased or maintained the lactate, alanine, and bicarbonate production. These findings supports earlier results showing that some doses of DCA may blunt gluconeogenesis, resulting in a reduction in the pyruvate-to-lactate ratio ([@B14]), while treatment with 2,4 DNP creates a hyperglycemia-independent mitochondrial uncoupling phenotype with increased lactate production and an increased mitochondrial oxygen consumption ([@B5]).

This study highlights the power of hyperpolarized MR to investigate complex treatment regimes; however, the injection of supra-physiological concentrations of substrates should be considered a pharmacological challenge in this setting and caution of the translation of the results is necessary.

Recent reports have shown that liver-targeted mitochondrial uncoupling using a newly developed DNP derivative improves insulin sensitivity ([@B8]). This indicates a potentially better tolerated treatment using mitochondrial uncouplers in diabetes patients. Thus, future studies are needed to investigate the link between the improved metabolic flux seen in this study and the outcome on preventing, or even reversing, renal disease progression. This study supports the use of hyperpolarized MR to investigate the efficacy of these new drugs in both preclinical and clinical examinations. This is particularly true, as patients with diabetes today are typically already receiving multiple medications before the inclusion in drug trials.
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